Using a Drosophila model of Alzheimer's disease (AD), we systematically evaluated 67 candidate genes based on AD-associated genomic loci (P < 10 24 ) from published human genome-wide association studies (GWAS). Genetic manipulation of 87 homologous fly genes was tested for modulation of neurotoxicity caused by human Tau, which forms neurofibrillary tangle pathology in AD. RNA interference (RNAi) targeting 9 genes enhanced Tau neurotoxicity, and in most cases reciprocal activation of gene expression suppressed Tau toxicity. Our screen implicates cindr, the fly ortholog of the human CD2AP AD susceptibility gene, as a modulator of Tau-mediated disease mechanisms. Importantly, we also identify the fly orthologs of FERMT2 and CELF1 as Tau modifiers, and these loci have been independently validated as AD susceptibility loci in the latest GWAS meta-analysis. Both CD2AP and FERMT2 have been previously implicated with roles in cell adhesion, and our screen additionally identifies a fly homolog of the human integrin adhesion receptors, ITGAM and ITGA9, as a modifier of Tau neurotoxicity. Our results highlight cell adhesion pathways as important in Tau toxicity and AD susceptibility and demonstrate the power of model organism genetic screens for the functional follow-up of human GWAS.
INTRODUCTION
Advances in human genetics have generated rapid progress in our understanding of the genetic risk underlying complex diseases, including common neurodegenerative disorders such as Alzheimer's disease (AD). Emerging data suggest that a large collection of genetic variants impact disease risk, and the critical next step will be to understand the function of the implicated genomic loci in disease pathogenesis. Accomplishing this goal will require numerous complementary approaches, including bioinformatics, intermediate traits, in vitro systems, cell-based strategies, as well as model organism studies. These efforts will be essential to confirm the genes responsible for association signals (fine mapping), to understand how genetic variants affect gene function (gain-or loss-of-function), and to identify the relevant cellular pathway(s) that mediate disease susceptibility.
At autopsy, AD pathology is characterized by extracellular amyloid plaques and intracellular neurofibrillary tangles, predominantly composed of the amyloid-beta peptide and Tau protein, respectively (1) . Tau neurotoxicity is central in current models of AD pathogenesis and may mediate the effects of amyloid-beta (2) . Rare mutations in either the amyloid precursor protein or microtubule-associated protein Tau genes cause familial dementia syndromes. Besides risk alleles at APOE, genome-wide association studies (GWAS) have identified common genetic variation at numerous other loci in association with AD susceptibility (3 -6) . Further, numerous studies directly link genetic risk factors to changes in AD pathology (7 -10) or related biomarkers (11) . Therefore, direct modulation of AD neuropathology is likely an important mechanism of disease susceptibility, and this realization also suggests a basis for successful functional screening strategies.
Expression of human Tau in the nervous system of the fruit fly, Drosophila melanogaster, recapitulates several features of AD and provides a useful experimental model for functional genetic dissection of mechanisms (12, 13) . In addition, large-scale and unbiased genetic modifier screens relevant to AD have been successfully performed in Drosophila (14-16), including for validation of results from human GWAS (17, 18) . Here, we extend this proven strategy for functional screening of results from two published AD GWAS (3, 19) , systematically considering candidate genes with both significant (P , 5 × 10
28
) and suggestive (5 × 10 28 , P , 10
24
) evidence of association. The latter group of associated loci, though falling short of genome-wide significance criteria, is likely enriched for true positive signals (20, 21) . Our Drosophila screening strategy successfully identifies genes within such susceptibility loci likely to influence AD. Specifically, we highlight 10 genes with fly orthologs that modulate Tau toxicity, including CD2AP, FERMT2 and CELF1. Importantly, while CD2AP was an established AD risk locus when our screen was undertaken, FERMT2 and CELF1 have been only recently and independently validated in association with AD susceptibility in the latest international GWAS meta-analysis (6). Thus, our results demonstrate how model organism studies can complement GWAS to identify AD susceptibility genes and further suggest that a number of these loci may modulate mechanisms of Tau-mediated neuronal injury.
RESULTS
At the time our study was undertaken, 10 genetic loci had demonstrated significant associations with AD susceptibility (P , 5 × 10 28 ), and 5 of the implicated genes (PICALM, CD2AP, ABCA7, EPHA1 and AMPH) have conserved orthologs (22) in the Drosophila genome (Supplementary Material, Table S1 ). We utilized FlyBase (23) to identify all available RNA-interference (RNAi) transgenic stocks to facilitate a systematic gene disruption screen (24, 25) . In addition, we obtained lines predicted to activate gene expression. All reagents were crossed to transgenic flies allowing tissue-specific expression of human Tau V337M , a mutant form of Tau associated with familial frontotemporal dementia (12) . When expressed in the fly eye, under the control of GMR-GAL4, Tau V337M causes a moderately reduced eye size and roughened surface ( Fig. 1A and B) , and this phenotype has been used successfully in our prior studies to identify second-site genetic interactors (14, 17) . RNAi lines were co-expressed with Dicer2 to potentiate gene silencing (24, 25) . Of the five genes evaluated, we found that genetic manipulation of cindr, the fly ortholog of human CD2AP (26), robustly enhanced Tau toxicity. Co-expression of cindr.RNAi with Tau caused further reduction in eye size and increased surface architectural disruptions (Fig. 1, Supplementary Material, Fig. S1 ). At the low expression levels in which interaction with Tau was documented, cindr. RNAi was not associated with any retinal toxicity when expressed independently of Tau (Supplementary Material, Fig. S2 ). Thus, our results suggest that cindr protects against Tau retinal toxicity, identifying a potential mechanism for the association of human CD2AP with AD susceptibility.
Based on available GWAS summary data from the Alzheimer's Disease Genetics Consortium (ADGC) (3) and the Cohorts for Hearts and Aging in Genomic Epidemiology (CHARGE) (19) , 147 additional independent loci (66 ADGC and 81 CHARGE) were considered for functional screening based on suggestive evidence of disease association (5 × 10 28 , P , 10
24
) (Table 1  and Supplementary Material, Table S2 ). For determination of candidate genes, we defined a genomic window for each independently associated SNP, based on regional linkage disequilibrium patterns (r 2 . 0.5) defined in the International HapMap Project (27) . This yielded an initial list of 119 candidate genes from 70 distinct loci, of which 63 genes (53%) were strongly conserved in the Drosophila genome, and 84 homologous fly genes were identified (Supplementary Material, Table S3 ) (22) . The genes promoted to our functional screen represent 44 independently associated loci from AD GWAS. A tabulated flowchart of our validation screen is presented in Table 1 , and a full list of SNPs, candidate genes, including those with and without Drosophila orthologs is presented in Supplementary Material, Tables S2-S4. Following the strategy we deployed for the established AD loci (mentioned earlier), we identified and obtained 233 distinct RNAi transgenic lines ( 3 per candidate gene) to enable gene disruption at each targeted locus, and an additional 60 fly lines known or predicted to activate gene expression were also available for the majority of candidate genes (28) . Supplementary Material, Table S5 details all of the Drosophila reagents tested in our screen.
As with the established AD susceptibility loci, we systematically crossed all available lines to the Tau V337M screening stock, identifying lines that enhanced or suppressed the rough eye phenotype. Eight additional genes were identified as robust Tau interactors (Table 2) . In all cases, RNAi-mediated gene disruption enhanced Tau toxicity (Fig. 1) , and we confirmed that RNAi lines did not disrupt eye morphology when tested independent of Tau in control crosses to GMR-GAL4; UAS-Dcr2 (Supplementary Material, Fig. S2 ). Reciprocally, we found that activating expression of 7 genes suppressed the Tau rough eye (Fig. 2) . All reported genetic modifiers showed statistically significant differences from control Tau transgenic animals when scored using a semi-quantitative scale (P , 0.001, Supplementary Material, Fig. S1 ).
Human Molecular
Notably, 2 of the 8 suggestively associated genes highlighted by our screen, FERMT2 and CELF1, have now been independently validated as AD susceptibility loci based on the latest GWAS meta-analysis with substantially enhanced sample size (6) . Two Drosophila genes, Fit1 and Fit2, are strongly homologous with human FERMT2, and both genes were promoted to our screen based on suggestive disease association of rs17125924
) (3). RNAi against either Fit1 or Fit2 enhanced the Tau rough eye (Fig. 1, Supplementary Material, Fig. S1 ), whereas lines predicted to activate expression of these genes suppressed Tau (Fig. 2) . Similarly, loss-or gain-of-function in aret, the fly ortholog of CELF1, enhanced and suppressed Tau retinal toxicity, respectively. CELF1 was evaluated along with 7 other conserved genes out of 10 candidates from the Figure 1 . RNAi-mediated disruption of AD candidate genes enhances Tau toxicity in Drosophila. Compared with control animals (A, GMR-Gal4, UAS-Dcr2/+), expression of human Tau generates a reduced eye size and moderate roughened appearance (B, UAS-Tau V337M /+; GMR-Gal4, UAS-Dcr2/+). RNAi directed against several candidate genes enhanced Tau toxicity, exacerbating the rough eye phenotype:
/UAS-Lar.IR.v36270; GMR-Gal4, UAS-Dcr2/+); SmB (H, UAS-Tau V337M /+; GMR-Gal4, UAS-Dcr2/UAS-SmB.IR.HM05097); aret (I, UAS-Tau V337M /+; GMR-Gal4,UAS-Dcr2/+; UAS-aret.IR.v41567/+) and CG6498 (J, UAS-Tau V337M /+; GMR-Gal4,UAS-Dcr2/UAS-CG6498.IR.v35100). All modifier effects were scored using a semi-quantitative rating scale and found to be significantly different (P , 0.001) from controls, using pairwise independent sample t-tests (Supplementary Material, Fig. S1 ). The following RNAi lines showed consistent modifier effects, providing further independent confirmation: UAS-cindr.IR.JF02695, UAS-Fit1.IR.v46494, UAS-Lar.IR.HMS00822, UAS-SmB.IR.v110713, UAS-aret.IR.v41568, UAS-CG6498.IR.JF02778 and UAS-CG6948.IR.GL00220. RNAi lines were not associated with any significant toxicity when expressed independently of Tau (Supplementary Material, Fig. S2 ). RNAi lines used in the screen were obtained from publicly available collections (24, 25) or were requested from other Drosophila laboratories (26, 44) .
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Human Molecular Genetics, 2014, Vol. 23, No. 4 genomic locus identified by the rs2242081 association with AD (P ¼ 2.3 × 10
25
) (19) . aret was the only homologous fly gene nominated by this locus that interacted with Tau toxicity, illustrating the utility of our strategy to annotate the most likely causal genes within susceptibility loci.
Of the established AD susceptibility loci, both CD2AP and FERMT2 have been implicated in cell adhesion (29, 30) , and as discussed earlier, both loci possess fly orthologs that modify Tau toxicity. Specifically, FERMT2 encodes a member of the kindlin protein family, which transduces signals from integrin adhesion receptors (31) , and CD2AP similarly functions with integrins to maintain glomerular adhesion and structural integrity in the mammalian kidney (32) . Intriguingly, among the comprehensive list of suggestively associated loci were several human genes encoding integrin receptor alpha-subunits, including ITGAM, ITGA8 and ITGA9 (Supplementary Material, Table S2 ). Consequently, we evaluated homologous Drosophila integrins in our screen, including scab, inflated, alphaPS4 and alphaPS5 (Supplementary Material, Table S3 ). RNAi against scab, encoding a fly integrin alpha subunit homologous to both ITGAM and ITGA9, enhanced the Tau rough eye (Fig. 1 , Supplementary Material, Fig. S1 ). Further, lines that activate expression of scab either suppressed or enhanced Tau (Fig. 2) , likely due to dominant-negative interactions at higher expression levels, as previously reported for Drosophila integrins (33) . We also tested lines disrupting inflated (if), encoding another Drosophila integrin alpha subunit homologous to human ITGA8. Although RNAi against if provided some support for an enhancing interaction with Tau (data not shown), we were unable to confirm with a second, independent reagent (either another RNAi line or activating insertion), precluding definitive functional validation of this gene based on our screening assay. Several other genes showed interactions with Tau, as detailed in Table 1 and Figures 1 and 2 , including additional potential regulators of cell adhesion pathways.
DISCUSSION
By integrating results from AD GWAS with a Drosophila functional screen, we identify nine genes with potential roles in AD pathogenesis, supported by association with disease susceptibility in humans and genetic interactions with Tau in vivo. Following the success of GWAS to identify risk loci for complex genetic disorders such as AD, the critical next step will be to confirm the responsible genes and begin to understand the relevant molecular mechanisms. Our screening strategy is well suited to achieve these goals. In the case of three loci with established links to AD-CD2AP, FERMT2 and CELF1-we show that genetic manipulation of fly gene homologs modulates Tau neurotoxicity. These results help to (1) identify the gene responsible for a locus association and (2) establish a potential mechanism based on the functional screening paradigm (in our case, Tau toxicity). In an independent study, BIN1 was similarly implicated to alter Tau-mediated neuronal injury (18) . At present, the refinement and fine mapping of GWAS signals to determine the causal gene remains a challenge (34) . The haplotypes identified by associated polymorphisms often contain multiple genes, including many that a priori appear to be equally good candidates. For example, in the case of the CELF1 locus considered in our analysis, the most strongly associated SNP tag identified an LD-based genomic interval overlapping 10 gene candidates (Supplementary Material, Table S2 ), of which 8 were sufficiently conserved in the Drosophila genome for promotion to our screen. However, only aret modified the Tau rough eye, validating CELF1 as the most likely gene responsible for the locus association with AD susceptibility. While our results suggest that many AD susceptibility genes may influence Tau-mediated neuronal injury, future studies will be required to establish the detailed mechanisms. For example, it will be important to determine, using fly models or other experimental systems, whether these genes directly or indirectly lead to Tau hyperphosphorylation, misfolding or aggregation, which are all established correlates of increased toxicity and disease progression (2) .
Importantly, neither the FERMT2 nor CELF1 loci were established, based on the most stringent genome-wide significance criteria (P , 5 × 10
28
), when we initiated this study. Rather, these candidates were among a comprehensive list of 119 genes from 70 loci with suggestive evidence of association (5 × 10 28 , P , 10
24
) based on earlier studies (3, 19) . The independent validation of these two loci in the recently reported GWAS meta-analysis (6) powerfully demonstrates the validity of the Drosophila screening approach to enhance human Linkage-disequilibrium (LD)-based pruning was used to determine independently associated loci with suggestive evidence (5 × 10 28 , P , 1 × 10 24 ) for association with AD based on published GWAS from the ADGC (3) and CHARGE (19) . A genomic window based on regional LD patterns (r 2 . 0.5) was used to identify regional gene candidates. Not all loci had gene candidates based on these criteria. The DIOPT (22) was used to identify evolutionarily conserved genes and corresponding fly orthologs, which were promoted to the functional screen to identify Tau modifiers. 
ITGA9 scb
The listed genes showed robust genetic interactions with Tau neurotoxicity based on the Drosophila functional screen. SNP, single nucleotide polymorphism; CHR, chromosome; P-value, based on GWAS performed by the ADGC (3) and CHARGE (4).
genetic studies. As we screened 84 fly gene homologs and identified only 9 Tau modifiers, it is highly unlikely that we would have identified homologs of FERMT2 and CELF1 (fit1, fit2 and aret) simply by chance (P , 0.001). In fact, the overall 'hit' rate of Tau modifiers in our study ( 10%) is 10-fold higher than that in similar screening efforts of unselected Drosophila genes (14) , suggesting that our candidate gene list was indeed enriched for modulators of Tau-mediated neurodegeneration. It is now recognized that susceptibility for complex genetic disorders, including neuropsychiatric diseases like AD, is likely influenced by a large number of genetic variants, including perhaps hundreds of distinct genomic loci (20, 21) . With the completion of the recent international meta-analysis including 74 000 subjects (6), we are likely approaching the upper limit of sample size and statistical power achievable using current GWAS designs. Therefore, innovative approaches are needed if we are to identify additional loci among those falling short of the genome-wide significance threshold. While such variants may individually have relatively weak effects on disease risk, a comprehensive list may facilitate identification of important cellular pathways in AD pathogenesis. Our results suggest that model organism screening might be one successful strategy to accomplish this goal. Thus, like CELF1 and FERMT2, we suggest that six other genes-SNRPN, PTPRD, XYLT1, ITGAM, ITGA9 and MAST4-with similar suggestive disease associations and shown here to possess fly orthologs that also interact with Tau, become excellent candidates for further study in both human subjects and model systems relevant to AD. Several genetic loci identified by AD GWAS, including CD2AP and FERMT2, have been similarly implicated with ) Tau toxicity, and consistent results were seen with the independent lines scb EY02806 and UAS-scbVolL(III), respectively. All modifier effects were scored using a semi-quantitative rating scale and found to be significantly different (P , 0.001) from controls, using pairwise independent sample t-tests (Supplementary Material, Fig. S1 ). Activating lines used in the screen were obtained from publicly available collections (28) or were requested from other Drosophila laboratories (45-48) ; the UAS-Fit1 transgenic line was generated de novo (see Materials and Methods).
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roles in cellular adhesion, and more specifically function coordinately with integrin receptors (31, 32) . Besides the Drosophila orthologs of these loci (cindr, Fit1 and Fit2), we additionally find that the fly integrin receptor gene scab interacts with Tau toxicity, which was evaluated based on suggestive associations of the human ITGA9 and ITGAM loci with AD. Other genes identified by our functional screen, PTPRD and XYLT1, also have established roles in cellular adhesion (35, 36) . Notably, a recent analysis of co-expression networks in the brain transcriptome highlighted functional modules representing integrin adhesion, cell adhesion and the extracellular matrix among those most significantly dysregulated in AD (37) . Understanding the mechanism by which neuronal and/or synaptic adhesion may modulate Tau toxicity and AD susceptibility will require more detailed investigation; however, we hypothesize that dynamic changes in the actin cytoskeleton might be important, as suggested by prior work (38, 39) . Importantly, CD2AP is an actin-associated protein (40) , and integrin signaling-mediated by FERMT2-can re-organize the actin cytoskeleton (31) . Ultimately, multiple strategies will be required for the comprehensive functional evaluation of candidate disease susceptibility loci, and no single approach will be without limitations. While Drosophila offers powerful and rapid genetics, supporting a medium-to-high-throughput screening strategy, not all AD susceptibility genes are conserved between human and flies (Supplementary Material, Table S5 ). Lack of conservation precluded evaluation of genes involved in lipid metabolism (APOE and CLU) and immunity (CR1, CD33 and MS4A), for example. Further, while the literature supports a central role for Tau leading to neuronal death in AD (2), many risk loci may impact alternative disease mechanisms. The Tau transgenic model utilized in our screen does not address APP cleavage or the clearance of amyloid-ß, which are key determinants of AD pathogenesis, although Tau is likely an important mediator of amyloid-ß toxicity (1, 2) . Thus, it may be important in future work to iteratively screen AD susceptibility genes with several complementary assays. It is notable that all of the genes highlighted by our screen were found to be loss-of-function enhancers of Tau toxicity, consistent with a potential protective role in AD. In prior studies using a similar screening strategy (14, 17) , we have additionally identified loss-of-function suppressors, although such genes appear to be less common overall. It is possible that this reflects a greater sensitivity of our screening assay for enhancers or rather could be a consequence of the underlying genetic determinants of Tau-induced neuronal injury. Future functional studies in flies or other systems may additionally help identify susceptibility genes, which function as endogenous promoters of AD pathogenesis. Finally, our strategy required several assumptions to identify candidate genes from associated polymorphisms. While linkage-disequilibrium criteria provide a conservative estimate for the genomic window containing a potential causal variant, regulatory variants could potentially act over much longer ranges to impact candidate genes outside this interval. Accounting for such distant effects, however, would have required screening a much greater number of gene candidates. Given that regulatory variants indeed appear to be enriched among AD-associated variants (41) , one potential refinement to our strategy would be to prioritize additional genes in which brain expression is linked to associated polymorphisms.
In conclusion, we demonstrate how a model organism screening strategy can identify AD susceptibility variants and enhance human GWAS results by providing clues to molecular mechanisms. Our results suggest that many AD risk genes are determinants of Tau-mediated neuronal injury and further highlight cell adhesion as one important pathway for further study. When coupled with emerging human genomic data, simple animal models, such as the Drosophila system used here, show great promise to accelerate the functional genetic dissection of complex diseases.
MATERIALS AND METHODS

Identification of candidate genes and orthologs
Significant (P , 5 × 10
28
) and suggestive (5 × 10 28 , P , 1 × 10 24 ) SNP associations with AD were based on published GWAS (3, 19) . Linkage-disequilibrium (LD)-based clumping (r 2 . 0.1), implemented within PLINK (42) , was used to define the top-ranked and independently associated SNPs. Next, a genomic window was defined around each associated SNP based on regional LD patterns (0.5 , r 2 , 1) from HapMap (27) . Any gene from the human reference genome (build hg18) overlapping this defined interval was designated a candidate causal gene and considered further for functional analyses. For identification of fly gene orthologs, we used the Drosophila Integrated Ortholog Prediction Tool (DIOPT) (22) , available as a web-based tool (http://www.flyrnai.org/cgi-bin/ DRSC_orthologs.pl). DIOPT facilitates rapid query of fly orthologs based on 10 distinct bioinformatic algorithms. We applied a stringent standard requiring a 'DIOPT score' of 2 or higher for promotion of a gene to our screen, meaning that at least two distinct algorithms agreed on the ortholog pairing. For the 67 human candidate genes with identifiable fly orthologs, the mean DIOPT score was 5.0 (SD ¼ 2.2). Thirteen genes had more than one identifiable fly ortholog meeting our pre-specified criteria, and in these cases, all corresponding fly genes were considered for screening. Supplementary Material, Tables S4 and S5 detail the identification of Drosophila orthologs based on human genes, including DIOPT scores and the evidence of homology.
Drosophila genetics
Fly gene orthologs were queried within FlyBase to identify available genetic reagents for manipulation of candidate gene function (23) . For each candidate susceptibility gene, we obtained RNA-interference (RNAi) stocks and lines to activate gene expression. Transgenic RNAi lines exist for virtually all Drosophila genes, and we obtained all available lines to evaluate target genes (24, 25) . Additional lines consisted of either previously characterized, published reagents or those available from collections of transposon alleles predicted to activate gene expression based on their insertion sites (28) . Reagents were obtained from the Bloomington Drosophila Stock Center, the Harvard/Exelixis collection, the Vienna Drosophila RNAi Center, the Harvard Transgenic RNAi project (TRiP), or requested from laboratories within the fly research community. The UAS-Eph transformant was re-established by injecting pUAST-Eph plasmid generously provided by Dr R. Dearborn and Dr S. Kunes (43) . The UAS-Fit1.GFP flies were established
by amplifying the Fit1 coding sequence and inserting into a pUAS vector for P-element transformation. The coding sequence for green fluorescent protein flanked by 3 serines was inserted within a poorly conserved loop in domain F1, after residue 228. A genomic rescue construct with GFP in this position rescued Fit1 mutations. All Drosophila reagents used in this study are detailed in Supplementary Material, Table S5 , and full genotypes are also included in the figure legends with the relevant references. The UAS-Tau V337M line used for evaluation of candidate genes has been previously described (12, 14, 17) . All functional validation tests were the product of a single generation genetic cross and assessed the ability of lines to enhance or suppress the moderate rough eye phenotype of UAS-Tau V337M /+; GMR:gal4/+ animals. All RNAi reagents were evaluated with co-expression of Dicer2, using animals of the genotype, UAS-Tau V337M /+; UAS-Dcr2, GMR-Gal4/+. All reported crosses were carried out at 258C. Reported modifier effects (Table 1 ) are based on lines that showed strong and consistent effects to enhance or suppress the Tau V337M rough eye phenotype in repeat experiments. Modifier effects were photographed and quantified in female animals, but all modifiers showed consistent effects in both sexes. All lines found to enhance Tau toxicity were evaluated with GMR-Gal4, UAS-Dcr2 in isolation, and none demonstrated significant toxicity in the absence of Tau (Supplementary Material,  Fig. S2 ). To minimize the chance that observed modifier interactions were caused by off-target effects of RNAi transgenic stocks, we required consistent activity of at least two independent RNAi lines, or independent confirmation of modifier effects based on activating gain-of-function lines.
